1. Introduction URING the last decade of the twentieth century, remarkable progress has been made in a field of prepa ration and evaluation of ferroelectric thin films. The progress, however, may be a mere prelude to real spread of their application in the coming century, when the progress of the technology will be continuously driven by require ments of miniaturizations of semiconductor memory devices.
It has been suggested by numerous studies on ferroelec tric thin films that ferroelectric properties could be seriously deteriorated by existence of crystal imperfections or strain in close vicinities of electrode-dielectric interfaces and/or grain boundaries. It is expected that one of the essential sub jects in the area of ferroelectric thin films should be precise control and evaluation of crystal quality at least in the first decade of the 21st century. Heteroepitaxial growth of fer roelectric thin films will play a key role to break through this subject.
Barium strontium titanate (BaxSr1-xTiO3, BST) is a solid solution system between BaTiO3 and SrTiO3. The prepara tion and characterization of polycrystalline BST thin films have been intensively investigated for applications to memo ry cell capacitors of DRAMs of 1G bit or higher density.1),2)
The author and coworkers have studied on the prepara tion and characterization of heteroepitaxial (Ba,Sr)TiO3 films, for the purpose of clarifying the dielectric properties of thin film capacitors.3)-5) It is expected that heteroepitaxial thin film capacitors have the following advantages over those of polycrystalline films when they are used in memory cells, as illustrated in Fig. 1 . This paper reviews the heteroepitaxial growth of (Ba,Sr) TiO3 thin films prepared by a radio-frequency (rf) magne tron sputtering method. Crystallographic analyses and fer roelectric measurements were carried out to clarify rela tions between the lattice misfit strains and the ferroelectric properties of heteroepitaxial thin films.
2. Influence of two-dimensional stress on ferroelectric crystals It is known that the Curie temperature, which is a fun damental material parameter of ferroelectric crystals, can be artificially varied by application of mechanical stress.7) For example, when two-dimensional compression is applied to the ferroelectric crystal as illustrated in Fig. 2,8 ) the cry stal will shrink in parallel to the stress, and elongate in the perpendicular direction. Such crystal deformation will en hance ionic displacement of titanium, and the Curie temper ature is expected to be increased when it is measured in the perpendicular direction3),9).
The modification of the Tc can be theoretically predicted by phenomenological theory.9),11) Free energy G of a ferroe lectric material can be expressed by a polynomial function of polarization P. 4. Enhanced ferroelectricity in heteroepitaxial BaTiO3 thin films It has been revealed by X-ray diffraction analyses that only reflection peaks from (00l) planes could be observed, indicating that the c-axis of the heteroepitaxial BaTiO3 films is oriented normal to the surface. Lattice misfit strain was examined for a BaTiO3 film with thickness of 12nm, using reciprocal space mapping of the X-ray intensity around the (103) reflection, as shown in Fig. 8.6 Fig. 12 (a) . A typical result of switching measurement is shown in Fig. 12 (b) , where negative switching (N) and nonswitching (D) responses are also plotted. The transient current was characterized by the switching time, ts, the peak current, imax, and the switching charge density, Qsw. In this study, the switching time, t, was defined by the width of half maximum in the switching current response (0.5imax).
Positive and negative switching charge densities, Qsw and Qsw-, were defined by the integral of the difference be tween the switching current and nonswitching current.
The switching responses were measured for capacitors with various top electrode areas, with the pulse amplitude kept constant at 3V. The switching time, ts, was logarithmi-
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Epitaxial Growth of (Ba,Sr)TiO3 Thin Films and Their Ferroelectric Properties cally plotted as a function of the logarithmic electrode area A in Fig. 13 . The positive switching time, ts+, was always longer than the negative switching time, ts-, for the whole range of prepared electrode areas. However, the fact that both plots can be approximated by linear lines with a slope of 1 indicates that the switching times for both polarities, ts+ and ts-, are proportional to electrode area A.
This result suggests that a series resistive load, RL, dominates the switching time, ts. When the series resistance limits the current flow, I, the time, ts, required to reverse the charge, Qsw, under an applied voltage, V, is where Ps is the spontaneous polarization.19) This equation assumes that the current flow, I, is constant during polariza tion reversal, and is proportional to the amplitude of the ap plied voltage, V. This model gives an explanation of why the switching time, ts, is roughly proportional to the electrode area, A. In addition, it suggests that the polarity dependence of the switching time, ts, should be attributed to the differ ence in the current flow, I, because Qsw, and A are constants in the above equations.
Switching charge densities for both polarities, Qsw+ and Qsw-, are plotted as a function of the voltage, V in Fig. 14 Ramesh attributed the "imprint" phenomena observed in heteroepitaxial (Pb,La)(Zr,Ti)O3 films to asymmetric dis tribution of oxygen vacancies or alignment of defect dipoles.21) On the other hand, the existence of a space charge layer near the surface of ferroelectric BaTiO3 has been pointed out, after Kanzig originally suggested it.22) Tetragonal symmetry at the surface of BaTiO3 crystals above the Curie temperature was explained by a local field developed within a space charge layer. However, it is very difficult to understand a shift in hysteresis as large as the 10V in our study,20) in terms of space charge field or dipoles developed by defects or vacancies, because the forbidden bandwidth of BaTiO3 is not much higher than 3eV. In heteroepitaxial films, the crystal structure can deviate from the original structure to a large extent. This is why that ferroelectricity was induced in the heteroepitaxial (Ba,Sr)TiO3 films with cubic composition. Hence, to ex plain the asymmetry in the D-E hysteresis, a crystal lattice deformation can be assumed, in which some symmetrical elements are lost in the crystal structure within the film, caused by strain relaxation accompanied by misfit disloca tions (Fig. 16 ). The crystal deformation should result in asymmetric free energy function of the polarization, which will bring about a preference for a certain polarity in the polarization. The first approximation to explain such a state of asymmetric ferroelectricity may introduce the assump tion of the existence of a virtual internal field in the film, even though it is not necessary to assume the existence of space charge or defect dipoles to explain the origin of such an internal field.
The dependence of lattice constants on thickness20) sug gests that the relaxation of misfit strain occurs rapidly in the early stages of crystal growth near the surface of the bottom electrode and slows down after film growth has proceeded. Therefore, the crystal asymmetry should not be uniform wi thin the film. There should be greater asymmetry at the region close to the bottom electrode (interfacial region) and less asymmetry in the region of the film grown later (bulk region). In other words, the degree of preference in the polarization should be stronger at the interfacial region near the bottom electrode than in the bulk region.
Recently, it has been reported by Saya et al. that the as sumption of existence of a nonswitching layer in hetero epitaxial ferroelectric films near bottom electrodes can be supported by asymmetric piezoelectric responses in epitaxi al Pb(Zr,Ti)O3
films measured with scanning force microscopy.23) (a) (b) Fig. 16 . Schematic model proposed to explain asymmetric ferroelectricity in heteroepitaxial thin film capacitors with lattice misfit strain. Asymmetric lattice distortion is introduced to relax the lattice misfit strain in the heteroepitaxial structure, especially at the region close to the bottom electrode (a). The misfit dislocation causes lattice deformation which creates preference for negative polarity of polarization over the positive one (b). In such cases, an asymmetric free energy function of polarization can be assumed.20) 
